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,  ABSTRACT 

" - " 

A  laser  Dopple^  velocimeier  (LDV)  has  been  used  to  measure  the  size,  con¬ 
centration,  and  velocity  of  individual  particles  having  diameters  ranging  from  3 
to  greater  than  100  ,un  and  having  velocities  of  600  to  1400  m/s  in  the  fuel-rich 
exhaust  of  a  ramjet  combustor.  The  visibility  of  the  LDV  output  was  used  to 
measure  particle  diameters  ranging  from  3  to  under  30  ym  and  the  mean  scat¬ 
tered  amplitude  was  used  to  measure  particles  ranging  from  20  to  over  100  <im. 
The  attenuation  of  one  LDV  beam  provided  information  on  the  total  amount  of 
material  presept.  Measurements  were  made  along  the  flow  field  of  a  combustor 
operating  at  33  psia,  an  inlet  temperature  of  650  to  850  K,  and  fuel  equivalence 
ratios  (ER)  of  1.6  and  2.6.  Typically,  at  a  point  one-half  inch  from  the  nozzle 
and  for  an  EfV  of  2.6,  the  average  particle  velocity  is  800  m/s.  the  average  parti¬ 
cle  size  is  50  ym,  and  the  particle  density  is  250  particles  per  cubic  centimeter. 
The  large  particles  appear  to  be  unburnt  fuel. 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

lauml  Maryland 


CONTENTS 


List  of  Illustrations . 

List  of  Tables . 

1  Introduction . 

2  LDV  Operation . 

3  Response  Function  Calculation . 

4  PSI  Calibration . 

5  Particle  Sizing  Instrumentation . 

6  Particle  Count  . . 

7  Beam  Transmission . 

8  Combustor  Measurements . 

9  Conclusions . 

Acknowledgments . 

References . 

Appendix  A:  FORTRAN  Program  for  Calculating  the  Visibility  and  the  Scattered 

Intensity  for  a  Spherical  Particle,  Using  the  Diffraction  Approximation . . 

Appendix  B:  FORTRAN  Program  for  Calculating  the  Visibility  and  the  Scattered 

Intensity  for  a  Spherical  Particle,  Using  the  Mie  Theory  Calculations . 

Appendix  C:  Procedures  for  PSI  Calibration  and  Data  Recording . . 


5 


•  •'  t 

•  t  * 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 
Lauril  Maryland 


ILLUSTRATIONS 

1  LDV  optical  configuration .  8 

2  Typical  high  visibility  signals  obtained  from  the  LDV  in  the  forward  scattering  position . 10 

3  Visibility  plotted  as  a  function  of  particle  diameter  (or  length)  using  Farmer’s  approximation . 10 

4  Geometrical  configuration  of  the  LDV  beams  and  their  scattered  vector  components . 12 

5  Calculated  and  measured  visibility  plotted  as  a  function  of  particle  diameter . 13 

6  Calculated  and  measured  values  of  the  mean  scattered  intensity  as  a  function  of  particle  size . 13 

7  Visibility  versus  scale  factor  for  side  and  backscattering  conditions,  using  Farmer’s  approximation  ....  14 

8  (a)  Image  of  31  nm  polystyrene  sphere  in  the  17.6  *im  fringe  system;  (b)  PMT  output 

produced  by  the  31  >»m  sphere  mounted  on  a  rotating  glass  slide . 15 

9  Schematic  diagram  of  particle  sizing  instrumentation . 17 

10  A  representative  sample  of  the  particle-count  measurement  and  the  beam  transmission 

measurement . 19 

1 1  The  average  values  of  the  measured  (a)  diameter,  (b)  speed,  and  (c)  negative  log  of  the 
transmission  ratio  (turbidity),  each  plotted  as  a  function  of  distance  from  exhaust  nozzle 

for  an  ER  of  2.6 . 22 

12  The  average  values  of  the  measured  (a)  diameter,  (b)  speed,  and  (c)  negative  log  of  the 
transmission  ratios  (turbidity),  each  plotted  as  a  function  of  distance  ft  om  the  exhaust  nozzle 

for  an  ER  of  1 .6 . 23 


TABLES 

1  Average  values  and  the  standard  deviation  of  the  particle  size  and  velocity  at  selected 

distances  from  the  nozzle  (ER  =  2.6) . . . 21 

2  Average  values  and  the  standard  deviation  of  the  particle  size  and  velocity  at  selected 

distances  from  the  nozzle  (ER  =  1.6) . 22 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPUEO  PHYSICS  LABORATORY 

LAUMl  MARYLAND 


1.  INTRODUCTION 


Nonintrusive  diagnostic  techniques  are  becoming 
more  and  more  necessary  in  the  study  of  combustion 
processes  and  high-speed  flow  fields.  Nonintrusive 
diagnostics  usually  involve  optical  techniques  and 
while  those  techniques  can  provide  high  data  rates, 
good  spatial  resolution,  and  usually  do  not  perturb 
the  flow,  their  application  presents  problems  unique 
to  the  particular  optical  technique  and  configuration 
used.  The  following  report  describes  the  development 
and  preliminary  tests  of  an  instrument  to  measure  the 
size  and  speed  of  single,  large  particles  in  the  3  to  100 
nm  range,  in  a  supersonic  flow.  The  number  of  parti¬ 
cles  (which  consist  of  unburnt  or  partially  burnt  fuel 
droplets  and  possibly  agglomerations  of  unburnt  par¬ 
ticles)  in  this  size  range  and  their  evolution  with  time 
are  of  particular  concern  in  the  fuel-rich  supersonic 
combustors  now  under  development. 

A  variety  of  techniques  has  been  developed  that 
use  light  scattering  to  measure  the  size  of  particles 
such  as  the  products  of  combustion  or  aerosols.  In 
general,  all  of  the  available  techniques  make  impor¬ 
tant  assumptions  that  may  include  particle  size  distri¬ 
bution,  particle  shape,  index  of  refraction,  or  particle 


size  relative  to  the  wavelength  of  the  light  source. 
Some  techniques  require  an  actual  sampling  of  the 
flow  for  sizing  measurements.  Some  methods  use  re¬ 
lative  amplitude  measurements  while  others  use  abso¬ 
lute  measurements.  Some  measurements  are  for  a 
single  particle,  others  derive  the  results  from  a  larger 
number  of  particles  of  various  sizes.  The  method 
chosen  depends  largely  on  what  parameters  are  im¬ 
portant  and  on  how  well  a  system  can  be  configured 
for  the  particular  application.  For  our  application  it 
was  decided  that  the  information  available  from  a 
standard  laser  Doppler  velocimeter  (LDV)  be  used  to 
provide  a  simultaneous  measurement  of  both  the  size 
and  the  speed  of  single  particles  in  the  flow.  The 
LDV  was  originally  developed  to  measure  the  veloci¬ 
ty  of  particles  in  the  flow  and  it  is  usually  one  of  the 
first  instruments  considered  for  use  in  the  present 
type  of  application.  Only  recently,  however,  has 
work  been  undertaken  to  use  the  information  that  the 
LDV  provides  to  obtain  particle  size  as  well  as  the  ve¬ 
locity.  The  high  speeds  and  hostile  environment  en¬ 
countered  in  a  supersonic  combustor  present  unique 
problems  for  this  application. 
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2.  LDV  OPERATION 


Figure  1  is  a  schematic  diagram  of  the  Thermo- 
Systems  Inc.  (TSI)  LDV  (configured  for  forward 
scattering)  that  is  used  for  particular  sizing.  The  out¬ 
put  of  a  5  mW,  helium-neon,  vertically  polarized 
laser  (with  a  wavelength  of  0.6328  pm)  is  split  into 
two  beams  of  equal  intensity  that  are  focused  to  cross 
250  mm  from  the  lens  at  an  angle  of  2  * .  A  panicle  at 
the  intersection  of  the  two  beams  will  scatter  light 
from  each  beam.  The  phase  relationship  between  the 
two  scattered  signals  as  they  appear  at  the  light  col¬ 
lector  (in  this  case  a  photomultiplier  (PMT))  depends 
on  the  panicle’s  position  relative  to  each  beam,  mak¬ 
ing  both  constructive  and  destructive  interference 
possible.  Even  though  the  actual  interference  is 
measured  at  the  detector,  it  is  often  convenient  to 
think  of  the  scattering  volume  as  illuminated  by  a 
series  of  light  and  dark  fringes  produced  by  in¬ 
terference  at  the  intersection  of  the  two  beams.  The 
ellipsoidally  shaped  scattering  volume  (1.2  x  10  4 
cm')  is  determined  by  the  beam  width  of  the  focused 
laser,  an  aperture  (250  pm  diameter)  located  at  the 
focal  point  in  the  collection  optics,  and  the  viewing 
angle.  The  minor  axis  of  the  ellipsoid,  parallel  to  the 
flow,  is  250  pm;  the  major  axis,  perpendicular  to  the 
flow,  is  0.2  mm.  Where  high  particle  densities  are  an¬ 
ticipated,  as  they  are  in  this  application,  it  is  desirable 


to  minimize  the  scattering  volume  to  permit  a  suffi¬ 
ciently  high  count  rate  of  single  particles.  If  two  or 
more  resolvable  particles  above  a  given  size  are  pres¬ 
ent  at  the  same  time  in  the  scattering  volume,  the  in¬ 
strument  will  not  process  them.  The  aperture  in  the 
collection  optics  limits  the  field  of  view  at  the  center 
of  the  region  to  16  vertical  interference  fringes  that 
are  spaced  17.6  pm  apart.  The  fringe  spacing  (6,  in 
pm)  is  given  by 


where  X  is  the  wavelength  in  and  7  is  one-half  the 
angle  between  the  two  LDV  beams.  The  plane  of  the 
fringes  is  parallel  to  the  flow. 

A  particle  moving  through  the  scattering  volume 
will  produce  a  scattered  light  signal  that  is  modulated 
at  a  frequency  (/)  proportional  to  6,  and  its  compo¬ 
nent  of  velocity  ( v )  perpendicular  to  the  fringes.  The 
modulation  frequency  is  given  by 

/=  ~  =  5.68x10  :u,  (2) 

where  /  is  in  megahertz,  v  in  meters  per  second,  and 


h-  250  mm  — 
focal  length 


S.E 


Beam  Beam  angle 
splitter  reducer 


Figure  1  -  LDV  optical  configuration. 
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6,  is  in  micrometers.  Particles  moving  at  the  speeds 
expected  in  actual  combustors  (600  to  1400  m/s)  will 
produce  scattered  light  pulses  from  0.18  to  0.4  jjs 
wide  that  are  modulated  at  frequencies  of  30  to  80 
MHz.  The  actual  choice  of  the  LDV  parameters  in¬ 
volves  a  series  of  compromises.  The  beam  width, 
crossing  angle,  aperture  stop,  and  scattering  angle 
determine  the  scattering  volume  and  thus  the  number 
of  particles  that  can  be  counted.  In  this  case,  the 
modulation  frequency  is  as  high  as  practical  for  the 
anticipated  velocities.  Reducing  the  crossing  angle  re¬ 
duces  the  frequency  at  the  expense  of  increasing  the 
scattering  volume. 

The  size  of  the  particle  producing  the  scattered 
light  signal  can  be  derived  from  the  mean  amplitude 
of  the  signal  and  the  ratio  of  the  depth  of  modulation 
of  the  scattered  signal  to  the  mean  amplitude.  The 
latter  is  often  referred  to  as  the  visibility  of  the  signal. 
Visibility  is  defined  as 

where  /,„u,  and  /„„„  are,  respectively,  the  maximum 
and  the  minimum  light  intensity  measured  near  the 
maximum  signal  of  each  scattered  light  pulse.  Figure 
2  shows  two  high-visibility  signals  measured  under 
two  different  conditions.  In  Fig.  2a,  obtained  from 
fuel  droplets  in  the  test  combustor,  the  visibility  is 
0.67;  in  Fig.  2b,  obtained  with  dioctyl  phthalate 
(DOP)  aerosols,  the  visibility  is  0.79.  The  two  mea¬ 
surements  of  particle  size  are  complimentary:  the  in¬ 
tensity  of  light  scattered  by  small  particles  ( <3  jrm  in 
the  present  case)  is  low,  but  the  visibility  is  high  (ap¬ 
prox.  1);  the  intensity  of  light  scattered  by  large  par¬ 
ticles  (>30  nm)  is  large,  but  the  visibility  is  low 
( <0.3).  There  are  other  important  differences.  The 
intensity  is  an  absolute  measurement  and  generally 
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Real  Fringe  Anemometer,"  Laser  Veloametrv  and  Particle  Siz¬ 
ing,  H.  D.  Thompson  and  W.  H.  Stevenson  cds..  Hemisphere 
Publishing,  W ashington.  p.  496  ( 1 979). 

"’N.  A.  Chigier,  A.  Ungut,  and  A.  J.  Yule,  "Particle  Sizing  in 
Flames  with  Laser  Velocimeters,"  ibid.,  22,  p.  416. 
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Figure  2  -  Typical  high  visibility  signals  obtained  from  the 
LDV  in  the  forward  scattering  position,  (a)  This  signal  was 
obtained  from  a  fuel-air  mixture  in  the  test  combustor;  the 
particle,  having  a  diameter  (derived  from  the  visibility  of  the 
signal)  of  15  (<m  is  moving  at  180  m/s.  (b)  The  particle  is  a  12 
urn  DOP  aerosol  moving  at  2. 1  m/s. 


“NS, 
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Figure  3  -  Visibility  plotted  as  a  tunction  of  particle 
diameter  (or  length)  using  Farmer's  approximation3  (a) 
Where  particles  are  spherical  and  the  beam-crossing  angle 
is  2“  (A,  =  17.6  jim).  (b)  Where  particles  are  spherical  and 
the  beam-cror sing  angle  is  1.3"  (A,  =  27.9  jim).  <c)  Where 
particles  are  cylindrical  and  the  beam-crossing  angle  is  2". 

In  the  present  configuration,  the  visibility  becomes 
V  =  27,  (0.  !78D)/0. 178/7.  (4) 


Figure  3  contains  two  plots  of  the  visibility  computed 
using  Eq.  3  for  the  nominal  crossing  angle  of  2° 
(curve  a)  and  for  a  crossing  angle  of  1.3“  (curve  b ), 
which  is  obtained  by  changing  the  focal  length  of  the 
input  lens  from  250  to  400  mm.  By  this  means  the  size 
range  covered  by  the  visibility  technique  can  be  ex¬ 
tended  to  handle  larger  sized  particles  at  the  cost  of 
reduced  scattered  light  intensity.  The  visibility  for  cy- 
lindrically  shaped  particles  is 

,  sin(7r£)/6,) 

V  =  — - - H  ,  (5) 

t tD/6, 

where  D  in  this  case  is  one-half  the  length  of  the  cyl¬ 
inder.  The  visibility  for  a  cylinder  is  plotted  as  curve  c 
for  the  same  fringe  spacing  as  curve  a.  Despite  the 
smaller  area  that  a  cylinder  can  present  compared  to 
a  sphere,  the  visibilities  for  the  sphere  and  cylinder 
are  not  very  different. 

Equations  3  and  5,  if  used  within  their  limitations, 
can  give  an  indication  of  the  particle  sizes  involved. 
However,  the  visibility  and  the  scattered  light  intensi¬ 
ty  are  both  extremely  sensitive  to  the  F  number  of  the 
collection  optics  and  the  location  of  the  optics  rela¬ 
tive  to  the  incident  laser  beams.  In  fact,  the  visibility 
and  intensities  as  functions  of  the  particle  diameter 
can  be  tailored  (as  will  be  shown)  by  choosing  the  op¬ 
tical  configuration  to  suit  the  expected  experimental 
conditions.  These  limitations  and  the  limitations  of 
Eqs.  3  and  5  have  been  considered  in  detail  by  many 
authors,  and  in  particular,  the  authors  of  Refs.  17 
and  18.  Because  of  these  facts,  it  is  extremely  impor¬ 
tant  that  the  instrument  be  calibrated  accurately  for 
the  conditions  under  which  it  will  be  used  and  that 
the  response  function  of  the  instrument  can  be 
predicted  accurately.  The  response  function  is  the 
PMT  output  signal  produced  by  a  given  sized  particle 
and  is  a  function  of  the  scattering  angle,  limiting 
aperture  of  the  collection  optics,  and  the  focal  length 
of  the  collection  lens.  A  major  portion  of  this  work 
was  devoted  to  the  problems  of  calculating  the 
response  function  and  of  calibrating  the  overall 
system. 


D  M.  Robinson  and  W.  P.  Chu,  "Diffraction  Analysis  of  Dop¬ 
pler  Signal  C  haracteristics  for  a  C  ross-Beam  l  ascr  Doppler  Ve- 
iocimcier."  Appl.  Opt..  14,2177  (1975). 

*W.  P.  C  hu  and  D.  M.  Robinson,  "Scattering  from  a  Moving 
Spherical  Particle  by  Two  C  rossed  C  oherent  Plane  Waves. “ 
Appl.  Opt..  16,619(1977). 
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3.  RESPONSE  FUNCTION  CALCULATION 


Calculating  the  response  function  requires  inte¬ 
grating  the  scattered  light  over  the  solid  angle  defined 
by  the  aperture  and  focal  length  of  the  collection  op¬ 
tics.  The  intensity  of  the  light  scattered  in  any  direc¬ 
tion  is  a  function  of  the  scattering  angle,  the  shape  of 
the  particle,  its  index  of  refraction,  and  the  polariza¬ 
tion  of  the  incident  light.  The  Mie  theory1,0"  is  the 
only  exact  theory  available  and  it  applies  only  to 
spherical  particles.  The  intensity  of  the  scattered  sig¬ 
nal,  particularly  for  small  particles  with  real  indexes 
of  refraction,  can  be  very  structured  with  deep  fluc¬ 
tuations  as  the  scattering  angle  changes.  The  Mie 
theory  calculation  becomes  expensive  for  large  sized 
particles  because  of  the  large  number  of  terms  that 
are  required  in  the  expansions  used;  the  number  of 
terms  is  approximately  equal  to  alpha  (a  =  tD/\),  a 
conventional  scale  factor,  and  so  is  proportional  to 
the  particle  diameter.  There  are  simpler  approxima¬ 
tions  that  generally  divide  the  problem  into  three 
components  contributing  to  the  scattered  light;  dif¬ 
fraction,  refraction,  and  reflection.  The  contribution 
of  each  component  depends  on  the  particle  size,  in¬ 
dex  of  refraction,  and  scattering  angle;  some  of  the 
approaches  in  this  direction  are  listed  in  Refs.  21 
through  24.  Farmer0 ,  in  particular,  and  Bachalo- 
have  tried  to  extend  the  visibility  approach  to  angles 
other  than  forward  scattering,  but  all  these  approxi¬ 
mations,  because  of  their  limitations,  present  uncer¬ 
tainties  in  applications  of  this  type. 

Because  two  beams  are  used  in  the  LDV,  the  vector 
components  £  and  £..)  of  the  scattered  light  for  each 

'n.  C.  van  de  Hulst,  Light  Scattering  by  Small  Panicles,  Dover 
Publications,  New  York,  p.  12 1  (1981). 

■°M.  Born  and  E.  Wolf.  Principles  oj  Optics,  5th  ed.,  Pergamon 
Press,  Oxford,  p.  633  ( 1975). 

■'j.  McK. Ellison  and  C.  V.  Peetz,  "The  Forward  Scattering  of 
Light  by  Spheres  According  to  Geometrical  Optics."  Proc. 
,, Phys .  Soc.  (London). 674.  105(1959). 

"J.  R.  Hodkinson  and  t.  Green/eates.  "Computations  of  Light- 
Scattering  and  Extinction  by  Spheres  According  to  Diffraction 
and  Geometrical  Optics  and  Some  Comparison  with  Ihe  Mie 
Theory,"  J  Opt.  Soc.  Am.,  53.  57"  (1963) 

"  A.  Lngut.  G.  Grehan,  and  G.  Gouesbet,  "Comparison  Between 
Geometrical  Optics  and  Lorenz-Mte  Theory  .”  Appl.  Opt..  17. 
391 1  ( 1981). 

'  J.  D.  Pendleton,  “Mie  and  Refraction  Theory  Comparison  for 
Particle  Sizing  with  the  Laser  Veloctmeter."  Appl.  Opt.,  21.  684 
.,(198:). 

'  W  D  Bachalo.  "Method  for  Measuring  the  Size  and  Velocity 
of  Spheres  b\  Dual-Beam  Lmht-Scatter  Interferometry,"  Appl. 
Opt..  19.  363(1980). 


beam  must  be  calculated  and  then  transformed  into  a 
common  scattering  plane  where  the  components  can 
be  added  vectorially.  The  scattering  geometry  used  to 
calculate  the  visibility  and  the  mean  intensity  are 
shown  in  Fig.  4.  The  scatterer  is  located  at  the  origin 
(0)  and  the  two  laser  beams  crossing  at  an  angle  of  2y 
in  the  Y-O-Z  plane  are  indicated  by  the  propagation 
vectors  At,  and  At,.  The  laser  is  vertically  polarized 
with  its  electric  field  vector  (£ )  parallel  to  0-X.  The 
three  scattering  planes  c  nsidered  are  indicated  as 
0-1-3  for  the  left  beam,  I  og  toward  the  laser,  and 
0-2-4  for  the  right  beam  .1 0-Z-5  for  the  combined 
scattering  plane. 

The  electric  vector  cor  nents  that  are  parallel  to 
a  scattering  plane  are  df  ited  by  2  and  those  per¬ 
pendicular  to  the  scatte  ~e  by  1  (this  designa¬ 
tion  is  a  fairly  standai  ention).  The  electric 

field  components  are  ino.^ated  as  follows:  E( 2)  and 
£(1),  the  parallel  and  perpendicular  components  in 
the  combined  scattering  plane;  £2(1)  and  £2(2),  the 
parallel  components  from  beams  1  and  2,  respective¬ 
ly,  in  their  respective  planes;  and  £/(  1 )  and  £/(2)  are 
the  corresponding  perpendicular  components.  The 
parallel  and  perpendicular  components  of  the  scat¬ 
tered  field  are  added  vectorially  in  the  combined 
plane  to  give  the  resulting  perpendicular  and  parallel 
components.  The  electric  field  vectors  are  used,  in 
turn,  to  compute  the  total  collected  power.  The  maxi¬ 
mum  and  minimum  collected  intensities  from  which 
the  visibility  and  the  mean  scattered  intensity  are  cal¬ 
culated  are  obtained  first  by  adding  the  components 
from  beams  1  and  2  in  phase  to  give  the  maximum 
signal  and  then  subtracting  them  (the  phase  of  beam 
2  is  shifted  180°)  to  give  the  minimum  signal. 

The  integration  is  indicated  by 

.i„fi 

P/2/,,  =  \  do\  F(8,<b)sin8  d8 ,  (6) 


where  P  is  the  collected  power  and  /,,  is  the  total  inci¬ 
dent  laser  power.  A  more  standard  form  is 

P/2/„  =  \  '  d<bC'  [1,(8) sin-<& 

*  <)  J  0 


II 


t 

(  * 

I 

*  t 


+  /.(0)cos;e>isin0  d8 . 
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Figure  4  -  Geometrical  configuration  of  the  LDV  beams 
and  their  scattered  vector  components. 


The  integration  is  over  a  circular  aperture  centered  in 
the  X-O-Z  plane  and  above  the  Y-O-Z  plane  (the  ac¬ 
tual  program  does  not  have  this  last  restriction), 
where  the  upper  limit  is  calculated  by 


1,(6)  =  IS,  09)  I- 
1.(6)  =  IS.(0)l: 


(9) 


6(u!)  =  cos 


cos 6  cos (6..  „  +  a/z)  t 

sin0  sin(0.,„„  +  a/z )  J  ’ 
(8) 


The  simplest  approximation  applicable  to  large  parti¬ 
cles  at  very  small  forward  scattering  angles  is  the  dif¬ 
fraction  approximation  0'.  In  this  case, 


where  a  is  the  aperture  radius,  z  is  the  focal  length, 
and  6  ,  is  the  minimum  aperture  angle.  1,(6)  and 
I  (6)  are  the  perpendicular  and  parallel  scattered  in¬ 
tensities  in  the  combined  scattering  plane.  The  inten¬ 
sities  I  and  /.  are  related  to  the  scattered  field  inten¬ 
sities: 


where 


S,(8)  =  S.(6)  = 


k:d:  J,(x) 
~4  ~ 


.v 


kd  sint) 
■> 


(10) 
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The  diffraction  approximation  does  not  include 
the  contributions  to  the  scattered  light  that  are 
caused  by  the  optical  properties  of  the  particle  (a  hole 
or  a  similarly  shaped  opaque  mask  will  produce  the 
same  diffraction  pattern).  Appendix  A  lists  the  For¬ 
tran  program  used  to  calculate  the  visibility  and  col¬ 
lected  power  from  a  spherical  particle,  using  the  dif¬ 
fraction  approximation.  The  calculated  visibility  and 
intensity  for  a  scattering  angle  of  5.8°  (which  is  the 
normal  forward  scattering  angle  used  in  calibration 
and  tests)  are  plotted  in  Figs.  5  and  6.  The  differences 
between  the  visibility  calculated  in  this  fashion  (curve 
5b)  and  the  visibility  derived  from  Farmer’s  equation 
(curve  5a)  can  be  clearly  seen.  With  the  aperture  and 
the  scattering  angle  used,  a  large  fraction  of  the  scat¬ 
tered  light  (particularly  for  the  larger  sized  particles) 
is  not  collected. 

It  is  clear  from  the  above  results  that  a  more  exact 
calculation  is  required  even  at  these  small  scattering 
angles.  Several  programs  have  been  developed  to  cal¬ 
culate  the  required  Mie  coefficients,  S,  and  S;. 

Appendix  B  lists  the  Fortran  program  that  incor¬ 
porates  a  Mie  program  developed  by  Grehan  and 
Gouesber6"'.  This  version  has  the  advantage  that  it 


Figure  5  -  Calculated  and  measured  visibility  plotted  as  a 
function  of  particle  diameter.  The  plotted  data,  except  for 
(a),  are  for  a  detector  with  a  250  mm  focal  length,  with  a  34 
mm  aperture,  a  scattering  angle  of  5.8’.  and  a  beam-cross¬ 
ing  angle  of  2’.  Derivation  of  the  curves  is  as  follows:  (a) 
The  calculated  visibility  using  Farmer's  approximations:  (t»> 
The  calculated  visibility  using  the  diffraction  approxima¬ 
tions  (Appendix  A):  and  ici  The  calculated  visibility  using 
the  Mie  Theory  (Appendix  B)  lor  DOP.  O  Mie  calculation  for 
OOP.  n  =  1.49  -  (0.00:  OMie  calculation  for 

soot/hydrocarbon,  n  =  1.67  -  <0.33:  A  measured  values 
(relative)  for  polystyrene  spheres,  n  =  1.59  -  (0.00;  and  * 
measured  values  (relative)  to  OOP  aerosols. 


:,,G.  Grehan  and  G.  Gouexbet.  "Mie  Theory  Calculation:  New 
Progress,  with  Emphasis  on  Particle  Siring,"  Appl.  Opt..  IS. 
3489(1979). 

:  G.  Grehan  and  G.  Gouesbet.  "SL'PERMIDI"  Report 
TTI  ’9  20  03.  Laboratory  de  Thermodynamique,  Unnersite 
de  Rouen  "6130  Mont-Saint-Atgnan.  France. 


can  handle  indexes  of  refraction  having  large  imagi¬ 
nary  components.  The  visibilities  and  mean  scattered 
intensities  calculated  with  the  Fortran  program  in 
Appendix  B  for  DOP  and  a  soot-hydrocarbon  mix¬ 
ture  for  selected  diameters  are  shown  in  Figs.  5  and  6. 
DOP  has  an  index  of  refraction  n  =  1 .49  -  /0.00  and 
was  chosen  because  it  was  used  to  calibrate  the  in¬ 
strument.  The  soot-hydrocarbon  mixture,  which  has 
an  index  of  refraction  rt  =  1.67-/0.33,  was  chosen 
because  it  is  assumed  to  be  representative  of  the 
partially  burned  combustion  products  present  in  the 
flame.  The  results  indicate  that  the  diffraction  ap¬ 
proximation  is  reasonable  for  sizing  partially  burnt 
fuel;  the  imaginary  component  of  the  index  reduces 
the  effects  of  the  optical  properties  of  the  particle. 
However,  the  effect  of  the  index  of  refraction  must 
be  considered  in  the  calibration,  the  choice  of  scatter¬ 
ing  angle,  and  the  sizing  of  fuel  droplets  in  both  the 
case  of  visibility  and  the  mean  scattered  intensity.  A 
very  recent  and  related  calculation  for  a  variety  of 
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Figure  6  -  Calculated  and  measured  values  ot  the  mean 
scattered  intensity  as  a  function  of  particle  size.  The  plot¬ 
ted  data,  except  for  (a),  are  for  a  detector  with  a  250  mm 
focal  length  lens  and  a  34  mm  aperture  located  5.8'  above 
the  plane  of  the  LDV  beams.  The  beam-crossing  angle  is  2" 
and  the  fringe  spacing  is  17.6  (.m.  Derivation  of  the  curves 
is  as  follows:  (a)  Intensity  was  calculated  using  the  diffrac¬ 
tion  approximation  (Appendix  A)  with  the  detector  centered 
between  the  beams  in  the  plane  of  the  LDV  beams,  (b)  Inten¬ 
sity  was  calculated  using  the  diffraction  approximation,  (cl 
Intensity  was  calculated  using  the  Mie  Theory  (Appendix  Bl 
tor  DOP.  OMie  calculation  for  DOP.  n  =  1.49 

-  (0.00:  D Mie  calculation  for  soot/hydrocarbon,  n  =  1,67 
-/0.33:  a  measured  values  (relative)  for  polystyrene 
spheres,  n  =  1.59  -  <0.00:  and  *  measured  values  (rela¬ 
tive)  to  DOP  aerosols 


Fs//i curve  a) 
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aperture  conditions  is  reported  in  Ref.  . . .  the  possi¬ 
bilities  of  tailoring  the  system  for  a  part.cular  visibili¬ 
ty  vs.  particle  diameter  is  clearly  indicated. 

The  more  exact  program  has  been  used  to  calculate 
visibility  and  intensity  at  90  and  160',  which  are  two 
regions  where  visibility  measurements  in  particular 
would  be  desirable  and  where  any  approximations 
are  suspect.  Figure  7  is  a  plot  of  the  visibility  for  scat¬ 
tering  angles  of  90  and  160'  using  Farmer’s  approxi¬ 
mate  formulas5 .  At  these  angles  the  size  range  that 
can  be  measured  can  be  tailored,  within  the  experi¬ 
mental  constraints,  by  choosing  the  F  number  of  the 
collection  optics.  For  the  case  of  90“  side  scattering, 
the  visibility  computed  from  Farmer’s  formula  for  a 
48  pm  DOP  particle  is  0.83  and  that  calculated  with 
the  exact  theory  is  0.7.  These  agree  reasonably  well 
with  the  measured  visibility  of  0.88.  For  the  case  of 
160'  backscattering  (the  maximum  backscattering 
angle  less  than  180°  that  could  be  accommodated  in 
the  present  setup)  the  results  are  not  as  good.  This 


*C.  R  Negus  and  L.  E.  Drain,  "Mie  Calculations  of  the  Scat¬ 
tered  Light  from  a  Spherical  Particle  Trasersing  a  Fringe  Pat¬ 
tern  Produced  bv  Two  Intersecting  Laser  8eams,"  J.  Phvs. 
D.'Appl.  Phvs..  15.  ?75  (1982). 


Figure  7  -  Visibility  versus  scale  (actor  (x)  for  side  and 
backscattering  conditions  using  Farmer's  approximation5. 
The  focal  length  is  120  mm.  the  aperture  is  34  mm  and  F  is 
3.5  For  90‘  scattering,  x  =  2x(D/o)/4F.  where  F  is  the  F 
number  of  the  collection  optics  and  D  =  29.4x.  For  160' 
scattering,  x  =  n  D/.j)/4F(1  +  1/2  tan2  i).  where  ,i  is  the 
scattering  angle  and  D  =  84.0x. 


time  the  visibility  from  Farmer’s  formula  for  a  48  pm 
DOP  particle  is  0.96,  the  calculated  value  with  the 
Mie  theory  is  0.32,  and  the  measured  value  is  0.7. 
The  limitations  on  the  measured  values  are  discussed 
later. 
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4.  PSI  CALIBRATION 


Three  methods  have  been  used  to  calibrate  the  PSI 
over  velocities  ranging  from  3  to  400  m/s:  (a)  poly¬ 
styrene  spheres  5  to  100  pm  in  diameter,  (b>  DOP 
aerosols  1  to  50  pm  in  diameter,  and  (c)  aluminum 
oxide  particles  approximately  5  to  25  pm  in  diameter. 
Unfortunately  no  facilities  were  available  for  cali¬ 
brating  at  the  speeds  encountered  in  the  actual  com¬ 
bustor;  therefore,  for  this  calibration  a  simulated  sig¬ 
nal  (described  in  detail  in  Appendix  C)  was  inserted 
at  the  PMT  output.  The  simulated  signal  could  be  ad¬ 
justed  to  vary  the  pulse  width,  the  amplitude,  the 
fringe  frequency,  and  the  number  of  modulation 
fringes. 

The  polystyrene  spheres  (index  of  refraction, 
n  -  1 .59  -  iO.OO)  were  electrostatically  attached  to  a 
250  pm  thick  glass  microscope  slide,  which  in  turn 
was  mounted  on  a  rotating  wheel.  With  this  tech¬ 
nique,  the  PSI  signal  can  be  identified  with  a  particle 
whose  size,  shape,  and  index  of  refraction  as  well  as 
position  in  the  scattering  volume  are  known.  Speeds 
of  up  to  20  m/s  were  used.  Figure  8 a  shows  an  image 
of  a  31  jim  particle  centered  in  the  I.DV  scattering 
volume  (the  actual  fringe  spacing  can  be  obtained 
from  this  photograph.).  Figure  8h  shows  the  PMT 
output  signal  when  the  particle  is  moved  through  the 
scattering  volume  at  20  nt/s.  The  results  of  these 
measurements  are  plotted  on  Figs.  5  and  6  and  agree 
well  with  the  Mie calculations. 

A  Berglund-I.iu  aerosol  generator  (Thermal  Sys¬ 
tems,  Inc.,  Model  3050)  operated  in  both  the  upright 
and  the  inverted  positions  (with  20  and  50  pm  orifices 
and  with  DOP  concentrations  in  alcohol  of  up  to 
10°'o)  was  used  to  provide  aerosols  from  4  to  48  /on  in 
diameter.  It  was  difficult,  however,  to  get  a  reliable 
supply  of  the  larger  sized  aerosols  from  the  genera¬ 
tor.  The  sizes  of  the  aerosols  produced  were  routinely 
measured  with  a  microscope.  During  these  measure¬ 
ments,  an  impact  spreading  factor  of  3,  as  indicated 
in  Ref.  29,  was  independently  confirmed.  The 
Berglund-I  iu  aerosol  generator  was  used  because  of 
the  uncertainties  associated  with  the  spheres  mounted 
on  substrates  and  to  provide  a  larger  number  of  par¬ 
ticles  moving  at  higher  speeds  than  would  be  avail¬ 
able  otherwise.  The  data  obtained  with  the  DOP 


H  Y  H  I  m.  I)  V  H  Pm.  and  XianQing  Wang.  “Drop  Size 
ot  l  ujuuj  Aerosols,*'  .-Wfwis.  I  nviroti.,  16,  56?  (1982). 
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Figure  8  -  (a)  Image  ot  31  ,im  polystyrene  sphere  in  the 
17.6  »im  fringe  system:  (b)  PMT  output  produced  by  the  31 
sphere  mounted  on  a  rotating  glass  slide. 

aerosols  moving  at  3  m/s  (the  typical  speed  of  the 
aerosols  leaving  the  generator)  are  plotted  on  Figs.  5 
and  6.  These  data  show  agreement  with  the  results 
obtained  with  polystyrene,  but  again  indicate  the  sen¬ 
sitivity  of  the  results  to  the  index  of  refraction.  The 
output  of  the  aerosol  generator  was  injected  into  a 
small  supersonic  air  jet,  which  gave  particle  speeds  of 
up  to  400  m/s.  The  sizing  measurements  with  par¬ 
ticles  up  to  8  pm  in  diameter  moving  at  300  m/s 
agreed  with  the  results  obtained  for  the  same  size  par¬ 
ticles  moving  at  3  m/s.  However,  the  results  obtained 
when  the  larger  particles  were  used  did  not  agree  with 
the  results  for  the  large  sized  particles  at  low  speed. 
The  PSI  measurements  and  limited  microscopic  mea¬ 
surements  indicated  that  the  large  sized  particles  were 
probably  breaking  up  in  the  high-speed  constricted 
flow. 
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The  results  with  aluminum  oxide  particles  were 
consistent  with  the  results  for  DOP  and  polystyrene, 
but  were  much  more  erratic  because  the  distribution 
of  particles  sizes  was  large  and  the  particle  shapes 
were  very  irregular. 

The  calibration  at  scattering  angles  of  90  and  160° 
was  limited  to  a  single  size  (48  |im  DOP)  because  of 
time  restrictions  and  the  lack  of  suitable  larger  parti¬ 


cles.  The  90°  visibility  results  agree  well,  as  discussed 
before,  but  the  160°  results  did  not  agree  as  well. 
There,  ^re  additional  problems  because  of  the  re¬ 
duced  scattered  signal  even  for  the  larger  particles 
and  at  90°  alignment  problems  became  significant. 
Additional  calibration  points  are  required  before 
these  scattering  angles  can  be  used  with  any  con¬ 
fidence. 


5,  PARTICLE  SIZING  INSTRUMENTATION 


Figure  9  is  a  detailed  block  diagram  of  the  particle 
sizing  instrumentation  used  to  select  suitable  individ¬ 
ual  particles  and  to  derive  the  size  and  speed  informa¬ 
tion  from  the  selected  particles.  The  collected  light  is 
detected  with  an  RCA  type  4526  PMT,  which  is  nor¬ 
mally  operated  at  -  900  V  ( -  1 100  V  was  used  for  the 
90  and  160°  scattering  angles).  The  thresholds  and 
saturation  limits  within  the  system  required  that  the 
signal  at  this  point  be  in  the  range  of  15  to  700  mV  . 
The  PMT  output  is  amplified  ten  times  and  then  fil¬ 
tered  by  a  low-pass  filter  (with  a  cutoff  frequency  of 
5  MHz)  to  remove  the  high-frequency  modulation 
and  to  provide  the  mean  value  of  the  scattered  inten- 
sity  (/,„„,  +  /„„„)/ 2.  The  PMT  output  is  also  filtered 
by  a  band-pass  filter  (having  a  band  pass  from  20  to 
100  MHz)  to  obtain  the  high-frequency  modulation. 
The  resulting  AC  signal  is  peak  detected  with  a  HP 
8470B  crystal  detector  with  a  matching  50  fi  load  to 
provide  (/„„,  -  /„„„)/ 2.  The  detected  pulse  is  run 
through  a  fast  source  follower  (National  Semicon¬ 
ductor  LH0063C)),  inverted  to  provide  a  positive-go¬ 
ing  pulse,  and  amplified  ten  times.  If  a  negative-go¬ 
ing  gate  pulse  (indicating  no  pulse  pile-up)  is  present 
at  this  point,  the  two  pulses  are  stretched  to  the 
length  of  the  gate  pulse  (0.6  /as)  and  fed  to  the  peak- 
sense-and-hold  module  (Optical  Electronics  Inc., 
Model  5030A).  This  module  receives  both  a  gate 
pulse  and  a  reset  pulse.  During  the  time  that  both  are 


present,  the  circuit  acquires  the  most  positive  value 
of  the  input  signal.  Thereafter,  the  circuit  is  insensi¬ 
tive  to  changes  in  the  input  signal  and  holds  its  peak 
value  for  the  duration  of  the  reset  pulse.  The  input 
pulse,  if  it  is  an  acceptable  pulse,  is  gated  on  through 
a  linear  gated  amplifier. 

The  amplified  output  of  the  bandpass  filter  is  also 
sent  to  two  fast  discriminators  (LeCroy  Research 
Systems,  LRS-161,  100  MHz)  that  provide  narrow  (5 
ns),  fixed-amplitude  pulses  when  their  input  signal 
exceeds  a  threshold  of  100  mV.  Discriminator  1  pro¬ 
vides  a  single  pulse  for  each  scattered  light  pulse 
whose  AC  amplitude  exceeds  the  threshold.  This 
pulse  is  used  to  trigger  a  gate-and-reset  generator. 
The  gate-and-reset  generator  is  the  source  of  the  syn¬ 
chronized  pulses  that  activate  the  system  for  signal 
processing,  reset  it  when  the  processing  is  complete, 
and  ensure  that  only  a  single  PMT  pulse  is  selected 
for  processing.  It  produces  a  gating  pulse  of  0.6  /as 
and  a  reset  pulse  of  20  /as.  The  0.6  /as  pulse  minimizes 
the  chances  that  the  system  will  act  on  two  closely 
spaced  pulses  from  the  PMT.  The  20  /as  pulse  con¬ 
trols  the  hold  time  of  the  peak-sense-and-hold  cir¬ 
cuits  and  resets  the  system  for  the  next  PMT  pulse  to 
be  examined.  The  generator  cannot  be  triggered  until 
the  end  of  the  reset  pulse.  The  20  /as  pulse  length  was 
required  by  the  tape  recorder  used  in  the  tests;  it  can 
be  easily  modified  to  accommodate  the  requirements 
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of  an  A/D  converter  or  other  device.  In  principle,  the 
reset  time  sets  the  system  data  rate  at  50,000  parti¬ 
cles/second,  which  is  actually  further  reduced  by  the 
additional  restriction  (described  below)  that  the  par¬ 
ticle  pass  through  the  center  of  the  scattering  volume. 

The  output  of  discriminator  2  is  a  train  of  narrow 
pulses  equal  to  the  number  of  fringes  crossed  by  the 
particle  or  particles  and  is  used  as  a  second  means  of 
determining  valid  signals.  A  valid  signal  contains  ex¬ 
actly  16  cycles  of  modulation  on  the  signal  produced 
by  a  particle  crossing  the  16  fringes  in  the  center  of 
the  LDV  scattering  volume.  Particles  that  are  off 
center  or  are  followed  closely  by  a  second  particle 
will  produce  either  more  or  less  cycles  of  modulation 
during  the  0.6  ns  gating  period.  The  discriminator 
produces  an  output  pulse  for  each  cycle  of  modula¬ 
tion.  All  pulses  have  the  same  amplitude  and  their 
width  is  adjusted  so  that  16  pulses  in  the  range  of  30 
to  80  MHz  produce  outputs  of  nearly  equal  ampli¬ 
tude  from  the  gated  ramp  generator.  The  single  chan¬ 
nel  analyzer  (SCA)  amplifies  and  shapes  the  ramp 


voltage  so  that  only  a  signal  with  16  fringes  will  fall  in 
the  SCA  selection  window  and  produce  an  output 
pulse.  It  is  this  pulse  that  triggers  the  linear  gated 
amplifier  and  allows  the  processed  signal  to  be  re¬ 
corded.  This  restriction  also  ensures  fairly  uniform  il¬ 
lumination  for  panicles  that  are  not  too  large  ( <  100 
to  150  urn). 

The  SCA  pulse,  which  is  related  to  the  time  to  the 
16th  cycle  of  modulation,  also  becomes  a  start  trigger 
for  the  time-to-pulse-height  convener  (TPHC).  The 
TPHC  produces  a  0  to  10  V  output  pulse  having  an 
amplitude  that  depends  on  the  time  difference  be¬ 
tween  the  start  and  stop  pulses.  The  output  of  dis¬ 
criminator  1 ,  which  occurs  at  the  start  of  the  modula¬ 
tion,  is  delayed  more  than  the  actual  length  of  the 
scattered  pulse  so  that  it  can  be  used  as  a  stop  pulse. 
With  this  technique,  the  TPHC  is  activated  only 
when  valid  signals  are  present;  the  faster  panicles 
produce  signals  of  greater  amplitude  than  the  slower 
panicles.  The  TPHC  signal  is  also  stretched  and  held 
for  future  recording. 


6.  PARTICLE  COUNT 


In  addition  to  the  measurements  of  scattered  inten¬ 
sity  and  panicle  visibility,  the  flux  of  particles  greater 
than  about  3  ^m  in  diameter  is  counted.  The  mini¬ 
mum  sized  particle  counted  is  determined  by  the  indi¬ 
vidual  pulses  that  exceed  the  threshold  of  discrimin¬ 
ator  1  and  so  is  a  function  of  laser  power,  PMT  volt¬ 
age,  and  panicle  density.  The  maximum  count  before 
pulse  pile-up  becomes  a  problem  is  about  10\  The 
average  density  of  particles  in  the  flow  is  computed 
from 

N  N 

n  =  —  *  — —  (for  high  velocity  flow),  (11) 

Av  440 


where  n  is  the  panicle  density  (particles/cmJ),  N  is 
the  number  of  counts/second,  v  is  the  velocity  in 
cm/s,  and  A  is  the  LDA  scattering  area  cross  section 
(6.3  x  10 '  cm:). 

The  output  of  discriminator  1  is  used  to  trigger  a 
photon  counter  (an  Ortec  9315  digital  counter  used 
with  an  Ortec  9325  analog  counter),  allowing  the 
count  for  0. 1  second  to  be  recorded.  For  the  tests  des¬ 
cribed  here,  the  count  rate  and  the  transmitted  laser 
power  were  recorded  together  on  a  strip-chan  re¬ 
corder.  An  example  of  the  recorded  data  is  shown  in 
Fig.  10.  The  section  shown  gives  an  idea  of  the  large 
fluctuations  in  count  rate  that  are  sometimes  ob¬ 
served  -  a  point  that  is  discussed  in  more  detail  later. 
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Figure  10  -  A  representative  sample  ol  the  particle-count 
measurement  and  the  beam  transmission  measurement 
The  LDV  was  positioned  5.06  in.  from  the  nozzle  and  the  ER 
was  2.5.  (a)  Fuel/air  mixture  only;  (b)  Burning  mixture. 
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7.  BEAM  TRANSMISSION 


The  integrated  effects  of  particle  density,  size,  and 
scattering  path  length  attenuate  the  LDV  laser 
beams.  The  attenuation  of  one  of  the  laser  beams  was 
measured  during  the  tests  to  indicate  the  total 
amount  of  material  in  the  flow  and  to  confirm  quali¬ 
tatively  the  particle  sizing  results  determined  by  the 
visibility  and  intensity  measurement. 

The  transmission  ratio,  ///„,  where  I  is  the  mea¬ 
sured  intensity  with  particles  present  a  /„  is  the  in¬ 
tensity  when  no  particles  are  present,  is  toe  integrated 
result  of  particle  density  n,  extinction  efficiency  Q, ,,, 
particle  cross  section  s,  and  the  path  length  /,  i.e., 

///„  =  exp  if  -  n  Qi  X,  s  dl .  (12) 

The  Qex,  is  very  close  to  2  for  most  of  the  particles  of 
interest,  and  it  probably  averages  more  nearly  1  for 
the  great  number  of  smaller  particles  that  contribute 
to  the  beam  attenuation.  Since  this  measurement  is 
an  average  along  the  beam  path  through  the  flame, 
average  values  have  been  assumed  and  a  Q,  „  =  2  has 
been  assumed  for  all  results  quoted.  The  path  length 


was  derived  from  photographs  of  the  scattered  laser 
beam. 

After  the  LDV  beam  passed  through  the  combus¬ 
tion  zone  it  was  chopped  and  deflected  to  a  silicon 
pin  diode  (UDT-10DP)  detector.  The  detector  was 
covered  with  an  adjustable  iris  and  a  0.6328  >im 
band-pass  filter.  The  output  of  the  detector  was  de¬ 
modulated  with  a  phase-locked  detector  and  re¬ 
corded  together  with  the  particle-counter  output.  The 
iris  was  set  to  its  minimum  opening  of  2  mm  for  most 
measurements,  ensuring  that  for  the  distance  to  the 
detector  (600  mm)  from  the  scatterers,  the  scattering 
from  particles  less  than  about  100  /jm  would  not  be 
detected.  As  particle  diameters  become  larger,  more 
of  the  diffracted  energy  will  be  measured,  with  the  re¬ 
sult  that  their  scattered  light  contribution  would  not 
be  included  in  the  attenuation  measurement.  Ideally, 
it  would  be  desireable  to  monitor  the  instantaneous 
laser  power  and  use  it  to  normalize  the  transmitted 
signal,  but  time  did  not  permit.  Transmission  mea¬ 
surements  before  and  after  the  combustor  tests  indi¬ 
cated  that  there  was  no  significant  variation  of  the 
laser  output  during  the  runs. 
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8.  COMBUSTOR  MEASUREMENTS 


A  series  of  tests  was  made  on  the  fuel-rich  ramjet 
combustor'0,  in  Test  Cell  5  at  the  APL  Propulsion 
Research  Laboratory,  on  July  13,  14,  and  15,  1982, 
to  evaluate  the  suitability  of  the  instrument  for  the 
intended  application.  All  the  data  involving  particle 
sizing  were  recorded  on  magnetic  tape  or  a  strip  chart 
in  the  test  cell  and  were  synchronized  with  the  com¬ 
bustor  performance  data  recorded  outside  the  test 
cell.  A  limited  amount  of  the  data  was  reduced  man¬ 
ually  to  determine  how  the  instrument  and  the  com¬ 
bustor  were  performing.  Measurements  were  made 
with  the  LDV  scattering  volume  located  on  the  cen¬ 
terline  of  the  exhaust  plume  at  selected  distances 
from  0.25  to  9  in.  from  the  combustor  exit  nozzle. 
Most  of  the  measurements  were  made  with  the  LDV 
collection  optics  positioned  at  an  elevation  angle 
(with  respect  to  the  plane  of  the  LDV  beams)  of 
5.8° -forward  scattering.  Limited  measurements 
were  also  made  at  scattering  angles  of  90  to  160°  to 
explore  the  effect  of  scattering  angle  on  the  visibility. 
The  combustor  was  operated  at  a  nominal  pressure 
of  35  psia,  an  air  inlet  temperature  of  650  to  870  K, 
and  at  fuel  ER’s  of  2.6  and  1 .6. 

A  typical  run  lasted  30  to  60  seconds  during  which 
particle  sizing  and  velocity  information  were  ob¬ 
tained  on  about  1000  particles.  For  the  purposes  of 
this  evaluation  only  50  to  55  points  were  reduced  at 
each  LDV  position.  The  majority  of  the  particles 
measured  were  larger  than  expected,  and  the  size  de¬ 
terminations  were  based  mainly  on  the  intensity  of 
the  scattered  signal.  The  intensity  signal  was  cali¬ 
brated  on  the  basis  of  those  cases  where  good  visibili¬ 
ty  information  and  intensity  information  were  avail¬ 
able  from  the  same  particle.  The  laboratory-derived 
calibration  curve  was  used  for  the  larger  sized  par¬ 
ticles. 

Table  1  lists  the  average  values  and  the  standard 
deviations  of  the  particle  size  and  velocity  at  selected 
distances  from  the  nozzle  for  an  ER  of  2.6.  Figure  1 1 
contains  plots  of  the  average  diameter,  the  average 
particle  speed,  and  the  negative  log  of  the  transmis¬ 
sion  ratio.  The  speed  of  the  particles  increases  in  the 
first  two  inches  from  the  nozzle  from  690  to  790  m/s, 


WR.  E.  Let,  R,  Turner,  and  F.  S.  Billig.  "Particulate  Measure¬ 
ments  in  the  APL  Fuel-Rich  Ramjet -Combustor  Supersonic  Ex¬ 
haust  Flow."  Proc.  1980  Fall  Meeting  of  Western  States  Sec¬ 
tion  TheCombustion  Institute,  20-21  Oct  1980. 


Table  1  -  Average  values  and  the  standard  deviation  of  the 
particle  size  and  velocity  at  selected  distances  from  the 
nozzle  (ER  =  2.6). 


Position 
from  Nozzle 
Exit 
(cm) 

Velocity 

Diameter 

Ave 

(m/s) 

a 

(m/s) 

Ave 

(m) 

a 

(iim) 

0.64 

690 

86 

53.7 

40.1 

1.27 

703 

99 

67.0 

38.1 

2.54 

739 

103 

61.7 

37.9 

5.08 

780 

114 

62.0 

34.2 

7.6 

716 

131 

44.2 

30.5 

10.2 

677 

100 

53.0 

33.4 

12.7 

<554 

57 

43.0 

26.9 

15.2 

<528 

— 

50.4 

31.7 

17.8 

<528 

— 

51.1 

30.0 

20.3 

<528 

— 

74.7 

38.1 

22.9 

<528 

— 

80.0 

31.0 

which  is  the  region  of  the  accelerating  flow  Field.  The 
particle  speed  then  decreases  monotonicallv  with 
increasing  distance  from  the  nozzle  to  the  minimum 
of  528  m/s  that  could  be  measured  with  the  instru¬ 
ment  during  these  tests.  The  particle  diameter  de¬ 
creases  with  distance  from  the  nozzle  for  the  Ttrst  five 
inches  and  then  increases  at  greater  distances  down¬ 
stream.  The  negative  of  the  log  of  the  transmission 
ratio  increases  linearly  with  distance  for  the  First  five 
inches  and  then  remains  constant  as  the  distance  in¬ 
creases.  In  general,  the  fluctuations  of  the  trans¬ 
mitted  signal  increase  with  distance  from  the  nozzle. 
Wide  variations  in  the  particle  count  were  observed, 
particularly  at  the  greater  distances  from  the  nozzle, 
but  averaged  around  100,000  counts/second  at  all 
positions. 

Table  2  and  Fig.  12  contain  the  same  type  of  infor¬ 
mation  and  plots  as  Table  1  and  Fig.  1 1  but  for  an 
ER  of  1 .6.  The  results  are  similar.  The  particle  size 
again  decreases  and  then  increases  with  distance  from 
the  nozzle.  The  maximum  velocity  is  slightly  higher 
and  does  not  drop  off  as  rapidly.  The  transmission  is 
about  one-half  that  measured  for  an  ER  of  2.6.  The 
particle  count  rate  is  approximately  constant  at 
40,000  counts/second.  These  results  are  consistent 
with  those  derived  from  the  higher  ER  value  and  are 
in  the  direction  expected  at  the  lower  ER  value. 
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Figure  11  -  The  average  values  of  the  measured  (a) 
diameter,  (b)  speed,  and  (c)  negative  log  of  the  transmission 
ratio  (turbidity),  each  plotted  as  a  function  of  distance  from 
the  exhaust  noz2le  for  an  ER  of  2.6. 


Table  2  -  Average  values  and  the  standard  deviation  of  the 
particle  size  and  velocity  at  selected  distances  from  the 
nozzle(ER  =  1.6). 


Position 
from  Nozzle 
Exit 
(cm) 

Velocity 

Diameter 

Ave 

(m/s) 

(1 

(m/s) 

Ave 

(ton) 

a 

(tim) 

0.64 

619 

98 

49.5 

25.9 

1.27 

715 

159 

53.1 

31.0 

2.54 

779 

157 

58.9 

36.1 

5.08 

819 

150 

62.1 

38.5 

7.6 

747 

164 

57.9 

37.6 

10.2 

741 

156 

57.0 

35.7 

12.7 

694 

170 

39.1 

25.4 

15.2 

43%  <528 

— 

44.6 

29.2 

17.8 

69%  <528 

— 

54.3 

34.3 

20.3 

74%  <528 

— 

65.5 

39.2 

22.9 

67%  <528 

— 

69.7 

36.7 

Measurements  were  also  made  at  both  ER’s  for 
nonburning  fuel/air  mixtures.  No  detailed  particle- 
size  data  were  obtained  because  the  particle  speed 
(160  m/s)  was  below  the  minimum  speed  of  the  in¬ 
strument.  The  data  were  obtained  by  photographing 
the  PMT  signals  produced  by  individual  particles. 
For  the  nonburning  fuel/air  mixture  (ER  =  2.4),  the 
transmission  ratio  (///,>)  was  0.96;  the  particle  count, 
275,000  counts/ second;  the  average  speed,  160  m/s; 
and  the  estimated  path  length,  2  cm  at  the  measure¬ 
ment  position.  For  these  conditions,  the  calculated 
particle  density  is  2750  particles/cm'.  The  average 
panicle  diameter  is  22  (assuming  that  the  par¬ 
ticles  counted  are  the  only  particles  present,  that 


there  are  no  small  particles,  that  the  scattering  path 
length  is  the  same  as  that  measured  photographically 
in  the  burning  case,  and  that  Q  =  2).  The  particle 
diameter  derived  from  individual  visibility  measure¬ 
ments  is  15  to  20  /im.  The  agreement  in  size,  as  deriv¬ 
ed  by  the  two  methods,  is  good  despite  the  fact  that 
limited  data  were  available;  this  agreement  indicates 
that  it  is  reasonable  to  assume  that  most  of  the  par¬ 
ticles  (in  this  case)  were  large.  The  mass  flow  calcu¬ 
lated  from  these  results  is  more  than  12%  of  the  actu¬ 
al  mass  flow  of  the  input  fuel  to  the  combustor.  Simi¬ 
lar  calculations  based  on  beam  transmission  mea¬ 
surements  with  a  burning  mixture  (ER  =  2.6)  at  a 
point  2  in.  away  from  the  nozzle  give  a  particle  densi¬ 
ty  of  246  particles/cm!  and  an  average  particle  size  of 
155  nm.  The  diameter  calculated  from  the  transmis¬ 
sion  measurement  is  much  greater  than  the  50  nm 
diameter  measured  by  the  particle-sizing  apparatus, 
indicating  that  a  large  fraction  of  the  particle  mass  is 
carried  by  particles  smaller  than  the  3  sized  par¬ 
ticles  that  can  be  counted  directly.  It  is  expected  that 
a  large  fraction  of  the  burning  or  burnt  particles  will 
be  small. 

The  measured  decrease  in  panicle  size  as  distance 
from  the  nozzle  increases  appears  to  be  real.  How¬ 
ever,  because  the  small  panicles  slow  down  faster 
than  the  large  ones,  and  considering  the  shock  struc¬ 
ture  involved  and  the  transient  nature  of  the  flow,  the 
density  of  small  panicles  in  the  LDV  measuring  vol¬ 
ume  can  be  greater  than  the  density  of  large  panicles. 
In  this  case,  the  size  distribution  will  be  skewed  to  the 
smaller  panicles,  as  was  observed.  On  the  other 
hand,  if  the  measured  particles  are  fuel  droplets,  it 
would  be  expected  that  some  evaporation  would  take 
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Figure  12  -  The  average  values  of  the  measured  (a) 
diameter,  (b|  speed,  and  (c)  negative  log  of  the  transmission 
ratios  (turbidity),  each  plotted  as  a  function  of  distance 
from  the  exhaust  nozzle  for  an  ER  of  1.6. 


place  in  the  high  temperature  air  as  the  distance 
downstream  increases;  hence  smaller  average  panicle 
diameter.  The  increase  in  particle  diameter  at  dis¬ 
tances  greater  than  5  in.  from  the  nozzle  is  almost 
certainly  an  artifact.  The  slower  small  particles  drop 
below  the  minimum  speed  for  which  their  diameters 
can  be  measured  before  the  faster  large  particles  do, 
with  the  result  that  more  large  particles  than  small 
particles  are  measured. 

The  results  obtained  from  the  measurements  at 
scattering  angles  of  90  and  160*’  were  limited  because 


of  the  poor  signal-to-noise  ratio  and  the  difficulty 
with  LDV  alignment,  particularly  at  90*.  It  was  nec¬ 
essary  in  both  cases  either  to  remove  the  field-limit¬ 
ing  aperture  or  to  increase  its  diameter  substantially, 
resulting  in  a  particle  count  rate  that  was  greater  than 
could  be  handled  by  the  PS1.  A  very  limited  sample 
of  data  at  160°  for  the  fuel/air  mixture  gave  a  visibil¬ 
ity  measurement  of  0.33  compared  to  a  calculated 
value  of  0.32  for  a  48  nm  particle.  Although  these  re¬ 
sults  may  be  just  coincidental,  they  do  show  some 
promise. 
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9.  CONCLUSIONS 


Both  laboratory  measurements  and  measurements 
made  under  actual  test  conditions  have  shown  that 
the  output  of  a  standard  LDV  can  be  used  to  provide 
simultaneous  measurement  of  the  diameter  and  vel¬ 
ocity  of  individual  particles  in  a  supersonic  flow. 
Procedures  and  computer  programs  have  been  devel¬ 
oped  to  calibrate  the  instrument  and  to  calculate  its 
response  function  for  a  variety  of  operating  condi¬ 
tions.  This  last  requirement  is  quite  important, 
particularly  if  other  than  small  forward  scattering 
angles  are  used. 

The  instrument  used  in  the  actual  combustor  test 
performed  well.  The  size  of  the  particles,  however, 
was  larger  than  was  expected  and  the  particles  also 
moved  more  slowly  than  was  expected.  A  much  lower 
speed-gate  limit  would  have  been  desirable  for  these 
tests.  The  larger-than-expected  panicle  sizes  (which 
were  most  likely  unburnt  fuel)  meant  that  it  was  nec¬ 
essary  to  place  greater  reliance  on  the  intensity  mea¬ 
surement  for  particle  sizing.  The  limited  dynamic 
range  of  the  visibility  technique  together  with  the 
multivalued  condition  requires  a  simultaneous  inten¬ 
sity  measurement  in  any  actual  combustor  measure¬ 
ment. 

There  are  still  many  points  that  must  be  considered 
before  any  measurement  of  this  type  can  be  accepted 
with  confidence.  The  flame  under  study  has  a  com¬ 
plicated  shock  structure  for  most  of  the  region  of 
measurement  and  contains  a  large  number  of  small 
particles.  The  possibility  that  the  coherence  of  the 
two  LDV  beams  can  be  affected  by  the  conditions  in 
the  flame  must  be  considered.  If  the  coherence  is  af¬ 
fected,  there  would  be  a  reduction  of  the  measured 
visibility  and  resultant  distortion  of  the  size  measure¬ 
ment,  but  based  on  other  reported  LDV  velocity 
measurements  this  does  not  appear  to  be  a  serious 
problem.  However,  any  future  measurement  should 
include  actual  seeding  of  the  flame  with  noncombus¬ 
tible  particles  of  known  sizes  to  establish  that  this  is 
really  the  case  and  to  provide  a  calibration  of  the  in¬ 
strument  under  actual  operating  conditions.  The 
beam  attenuation  measurements  indicated  that  multi¬ 
ple  scattering  was  taking  place,  particularly  down¬ 
stream  for  the  higher  ER's.  The  attenuation  measure¬ 
ment  proved  to  be  a  useful  complement  to  the  PS1 
approach  and  it  is  thought  to  be  appropriate  that  ad¬ 
vantage  be  taken  of  such  similar  simple  diagnostics  in 
future  measurements.  This  measurement  is  very  sen¬ 


sitive  to  refractive  effects  in  the  flame  because  of  the 
small  aperture  required  to  extend  the  range  of  sizes  of 
particles  included  in  the  measurement.  Any  future 
measurements  should  be  comprehensive  enough  to 
establish  whether  refractive  effects  are  playing  any 
part.  Data  reduction  should  be  automated;  the  pre¬ 
sent  instrument  can  easily  be  modified  so  that  on-line 
processing  of  much  larger  amounts  of  data  can  be 
handled  by  a  minicomputer.  The  exigencies  of  the  sit¬ 
uation  forced  the  use  of  an  antiquated  data-handling 
technology. 

The  results  raise  questions  that  could  use  help  from 
other  directions.  Some  of  these  questions  include  (a) 
“are  the  sizes  measured  consistent  with  the  fuel  injec¬ 
tors  and  combustion  conditions?”  and  (b)  “how 
good  is  the  assumption  that  the  large  particles,  as¬ 
sumed  to  be  unburnt  fuel  are  spherical?”  All  the 
analysis  considered  so  far  assumes  spherical  partic¬ 
les,  but  because  of  the  high  Weber  numbers  involved, 
distortion  of,  and  even  breakup  of,  the  particles  must 
be  considered.  Preliminary  calculations  using  dif¬ 
fraction  theory  were  made  for  a  cylindrical  particle 
with  a  length-to-diameter  ratio  (L/D)  of  3  to  indicate 
the  significance  of  distortion  on  particle  size.  A 
rough  estimate  is  that  for  both  the  visibility  and  the 
intensity  measurements,  an  overestimate  of  the  parti¬ 
cle  size  by  a  factor  of  about  2  would  result  if  spheri¬ 
cal  particles  were  assumed  when  actually  cylinders  of 
equal  volume  with  an  L/D  =  3  were  present.  The 
possibility  of  distortion  and  breakup  of  liquid  drops 
and  the  interpretation  of  the  scattered  light  signals 
need  further  consideration.  Another  question  to  be 
considered  is  “How  much  evaporation  should  be  ex¬ 
pected  for  burning  and  nonburning  flows?” 

Additional  measurements  should  be  made  to  con¬ 
firm  the  techniques  that  were  used,  both  because  in 
the  backscattering  region  the  visibility  technique  may 
be  an  effective  way  to  measure  the  larger  sized  par¬ 
ticles  that  seem  to  be  present  in  the  combustor  and 
because  of  the  ease  (in  many  cases)  of  the  actual 
physical  placement  of  the  instrument.  Sufficient  di¬ 
agnostic  techniques  should  be  used  to  ensure  that  a 
reasonable  accounting  can  be  made  for  the  total 
number  of  particles  in  the  flow.  A  simple  experiment 
using  the  diffraction  pattern  of  the  particle  could  be 
well  employed  to  determine  whether  the  particles  are 
spherical  or  distorted  spheres. 
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APPENDIX  A 


FORTRAN  PROGRAM  FOR  CALCULATING  THE  VISIBILITY  AND  THE 
SCATTERED  INTENSITY  FOR  A  SPHERICAL  PARTICLE,  USING  THE 
DIFFRACTION  APPROXIMATION 
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APPENDIX  C 

PROCEDURES  FOR  PSI  CALIBRATION  AND  DATA  RECORDING 


I.  Equipment  Required 

Oscilloscope:  Tektronix,  Model  7904  or 
equivalent 

Digital  VOM:  Data  Precision  Model  245  or 
equivalent 

Frequency  counter:  Hewlett-Packard,  Model 
5245L  or  equivalent 

Pulse  generator:  E-H  Research  Laboratories, 
Model  139b  or  equivalent 
Pulse  generator  Hewlett-Packard;  Model 
8007B  or  equivalent 

Regulated  0-12  VDC  voltage  source:  Lamb¬ 
da,  Model  LPD  421  or  equivalent 


II.  Recording  and  Playback  Components 

Calioration  of  the  system  begins  with  the  calibra¬ 
tion  of  the  recording  and  playback  components. 
Tape  recorder  instructions  apply  to  the  Honeywell 
Model  5600  tape  recording  system  equipped  with 
Type  1 6T~58 1 6-003  FM  record  amplifiers  and  Type 
16775395-001  FM  reproduce  amplifiers  The  system 
records  at  60  ips,  hence  playback  at  15  ips  requires  a 
10  kHz  filter  (Type  1677539-001)  inserted  in  the  "A” 
filter  position  on  the  reproduce  amplifier  card  The 
calibration  is  to  be  performed  on  the  record  and  re¬ 
produce  amplifiers  for  each  channel  in  use.  Unless 
otherwise  direct  1,  oscilloscope  amplifier  inputs  are 
high  impedance,  DC  coupled. 

A.  Record  Amplifier 

l.Set  the  recorder  POWER  and  CALIBRA¬ 
TION  switches  to  ON  and  allow  at  least  five 
minutes  for  warm-up.  Set  SPEED  switch  and 
“B"  jumper  pin  (on  control  panel)  to  60  ips. 
Remove  power  whenever  a  printed  circuit  card 
is  removed  or  installed. 

2.  Connect  an  oscilloscope  to  monitor  the  signal 
at  TP1  and  TP2  (ground).  (TPl  anc  TP2  are 
the  white  and  black  test  jacks  at  the  corner  of 
the  record  amplifier  card  i 


3.  Remove  jumper  J2  from  the  record  amplifier 
card.  (Removal  of  J2  eliminates  any  signal 
from  the  data  channel  VCO.) 

4.  Adjust  R38  (bias  current)  for  an  oscilloscope 
signal  of  500  tnV,p.  (R38  is  the  potentiometer 
closest  to  TPl .) 

5.  Install  jumper  J1  to  position  C-l  This  posi¬ 
tion  is  used  when  the  data  input  is  not  ex¬ 
pected  to  exceed  ±2.0  VDC.  Position  C-2  is 
used  when  the  signal  input  is  not  expected  to 
exceed  ±  10.6  VDC. 

6.  Install  J2  to  position  C-l.  This  setting  in  con¬ 
junction  with  the  SPEED  switch  position 
selects  the  proper  center  frequency  for  1R1G 
Wideband  Group  I. 

7  Remove  the  bias  oscillator  circuit  card  from 
the  recorder. 

8.  Apply  a  short  circuit  to  the  input  at  the  input 
coaxial  connector  for  the  data  channel. 

9.  Adjust  R32  (carrier  current)  for  an  oscillo¬ 
scope  signal  of  70  m\',r.  (R32  is  the  second 
potentiometer  from  TPl.)  Disconnect  the  os¬ 
cilloscope  from  TPl  and  TP2. 

10.  Connect  the  frequency  counter  between  TP3 
and  TPl.  (TP3  is  located  near  the  card  extrac¬ 
tion  hole.) 

11.  Adjust  R14  (center  frequency)  to  216. 0(X) 
kHz.  (R14  is  the  third  potentiometer  from 
TPl.) 

12.  Disconnect  the  input  short  circuit  and  apply 
+  2.00  VDC  to  the  data  channel  input. 

13.  Adjust  R3  (deviation  from  center  frequency) 
for  302.400  kHz.  (R3  is  the  fourth  potentiom¬ 
eter  from  TPl  ) 

14.  Apply  -  2.00  \  DC  to  the  data  channel  input. 

15.  Frequency  counter  should  read  approxiinatelv 
129.60  kHz. 

16  Install  jumper  J!  to  position  C-2.  Apply  * 
and  -10.6  VDC  to  the  data  channel  input. 
Frequencies  should  approximate  those  for 
±2.0  VDC. 

1'.  Return  J1  jumper  to  the  position  C-l.  Rein 
stall  the  bias  oscillator  card  in  the  recorder 

18.  Remove  all  test  equipment. 
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B.  Reproduce  Amplifier 

1.  Remove  recorder  power  whenever  a  printed 
circuit  card  is  removed  or  installed. 

2.  Verify  that  the  10  kHz  filter  (1677539-001)  is 
installed  at  the  “A”  filter  position  on  the  card 
and  that  the  record  amplifier  has  been 
calibrated. 

3.  Set  the  recorder  POWER  and  CALIBRA¬ 
TION  switches  to  ON  and  allow  at  least  five 
minutes  for  warm-up. 

4.  Set  SPEED  switch  and  “A”  jumper  pin  (on 
control  panel)  to  15  ips. 

5.  Apply  a  short  circuit  to  the  input  at  the  input 
coaxial  connector  for  the  data  channel. 

6.  Connect  a  short  jumper  lead  from  TP3  on  the 
record  amplifier  to  TP2  on  tjje  reproduce 
amplifier.  (Both  test  points  are  near  the  card 
extraction  holes.) 

7.  Connect  a  DCVM  or  DC  coupled  oscilloscope 
to  the  output  coaxial  connector  for  the  data 
channel. 

8.  Adjust  R21  (the  only  potentiometer  on  the 
filter  card)  for  zero  volts. 

9.  Remove  the  short  circuit  at  the  data  channel 
input  and  apply  +  2.00  VDC  at  the  input. 

10.  Adjust  R26  (the  potentiometer  at  the  corner 
of  the  reproduce  amplifier)  to  produce  1.41 
VDC  at  the  data  channel  output  connector. 

11.  Remove  the  interboard  jumper  and  all  test 
equipment. 

C.  Tape  Recorder  Sensitivity 

l.Two  levels  of  sensitivity  are  provided  by  in¬ 
stalling  jumper  J 1  on  the  record  amplifier  to 
either  of  two  positions.  For  signals  not  ex¬ 
pected  to  exceed  a  peak  level  equivalent  to  2.0 
VDC  the  jumper  should  be  in  position  C-I. 
For  signals  as  great  as  10.6  VDC  the  jumper 
should  be  in  position  C-2.  Position  this 
jumper  in  each  channel  according  to  the  an¬ 
ticipated  amplitude  of  the  input  signal. 

D.  Honeywell  Model  1858  CRT  Visicorder  wilh 

Model  188J-MPD  Differential  Amplifiers 

1 .  Remove  power  from  the  unit  before  removing 
or  replacing  any  modules. 

2.  Ensure  that  the  capacitors  C3  and  C4  have 
been  removed  from  all  of  the  Model  1883 
amplifiers.  These  capacitors  are  located 
beneath  the  metal  shield  on  the  printed  circuit 
card.  They  serve  as  high  frequency  filters  and 
their  removal  is  necessary  to  acquire  the  wid¬ 
est  possible  bandwidth. 


3.  Verify  that  the  J1  jumpers  on  the  printed  cir¬ 
cuit  cards  of  the  amplifiers  are  positioned  for 
BNC  input,  normal  polarity.  There  should  be 
a  jumper  from  pin  3  to  pin  7  and  another  from 
pin  4  to  pin  5. 

4.  Apply  power  to  the  Visicorder  and  allow  at 
least  five  minutes  for  warm-up. 

5.  Each  of  the  Model  1883  differential  amplifiers 
is  to  be  calibrated  as  described  in  steps  6 
through  13.  The  sensitivity  switch  on  the  front 
panel  indicates  calibrated  (with  TRIM  con¬ 
trol)  deflection  per  major  chart  division  (5 
small  divisions  of  0.2  in.  each)  provided  that 
the  variable  (VAR-CAL)  control  is  set  fully 
clockwise.  The  VAR-CAL  control  allows  the 
sensitivity  to  be  set  to  values  that  are  less  than 
the  calibrated  steps. 

6.  Open  the  paper  access  door  on  the  Visicorder 
chassis  and  release  the  cradle  latch  to  expose 
the  face  of  the  CRT.  Turn  the  GRIDLINE 
switch  to  CONT,  set  the  RECORD  SPEED  to 
0.1  in/s.  and  depress  the  DRIVE  button. 
There  should  be  a  series  of  bright  spots  0.2  in. 
apart  with  every  fifth  one  intensified. 

7.  On  the  front  panel  of  the  Model  1883  unit,  set 
the  controls  as  follows: 

a.  SENS  switch  to  0.5  V  per  division. 

b.  VAR-CAL  control  fully  CW.  This  control 
and  ihe  TRIM  control  are  15-turn  potentiom¬ 
eters;  the  POS  control  is  a  22-turn  poten¬ 
tiometer. 

8.  Apply  a  short  circuit  to  the  input  coaxial  con¬ 
nector. 

9.  Using  the  POS  control,  position  the  CRT  spot 
associated  with  this  amplifier  over  a  gridline 
spot  near  the  right  side  of  the  CRT. 

10.  Apply  a  2.50  VDC  signal  to  the  input  of  the 
amplifier  and  adjust  the  TRIM  control  for  a 
spot  deflection  of  5  major  divisions  (5  in.). 

1 1 .  Repeat  steps  8,  9,  and  10  until  there  is  no  in¬ 
teraction  between  the  controls. 

12.  For  deflection  sensitivities  other  than  the 
calibrated  positions  of  the  SENS  switch,  apply 
a  suitable  DC  signal  to  the  input  coaxial  con¬ 
nector  and  adjust  the  VAR-CAL  control  for 
the  desired  sensitivity. 

13.  Apply  a  short  circuit  to  the  input  coaxial  con¬ 
nector  and  adjust  the  POS  potentiometer  for 
the  desired  trace  position. 

III.  Signal  Processing  Instrumentation 

Calibration  is  accomplished  by  using  a  simulated 
photomultiplier  signal  supplied  by  a  gated  pulse  gen- 
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erator.  The  simulated  signal  generator  can  be  ad¬ 
justed  to  vary  pulse  width,  amplitude,  fringe  fre¬ 
quency,  and  number  of  modulating  fringes.  By  pro¬ 
cessing  a  suitable  range  of  signals,  recording  the  pro¬ 
cessed  signals,  and  playing  them  back  into  the  Visi- 
corder,  the  system  output  will  be  known  in  terms  of 
the  input  signal  and  a  complete  system  calibration 
will  result.  Unless  otherwise  directed,  oscilloscope  in¬ 
puts  are  to  be  high  impedance,  DC  coupled. 

A.  Instrumentation  Switch  and  Control  Positions 

1 .  Hewlett-Packard,  Model  461 A  amplifier 

a.  GAIN  (DB):  20 

2.  LRS  (LeCroy  Research  Systems)  Model  161 
Dual  Discriminator  (upper  unit) 

a.  TERMINATE:  I 

b.  NORMAL  -  DC  PASS:  t  (normal) 

c.  OUTPUT  WIDTH:  150 

d.  OUTPUT  WIDTH  VERNIER:  10.00 

3.  LRS  161  Dual  Discriminator  (lower  unit) 

a.  TERMINATE:  t 

b.  NORMAL  -  DC  PASS:  I  (normal) 

c.  OUTPUT  WIDTH:  15 

d.  OUTPUT  WIDTH  VERNIER:  4.900 

4.  Tennelec  TC-214  Linear  Amplifier  and 
Single  Channel  Analyzer 

a.  COARSE  GAIN:  32 

b.  FINE  GAIN:  2.5 

c.  AE,  0  to  1  V;  5.32 

d.  El,  0  to  10  V:  8.72 

e.  DELAY:  fully  counterclockwise 

f.  UNIPOLAR -BIPOLAR:  l  bipolar 

g.  DIR. -INV.:  I  inverted 

h.  L.E. -X.O.:  !  leading  edge 

i.  AE-E:  I  AE 

j.  10V -  IV:  1  IV 

5.  Ortec 457  Biased  Time-to-Pulse  Height  Con¬ 
verter 

a.  RANGE:  0.4*ts 

b.  MULTIPLIER:  1 

c.  COARSE  GAIN:  2 

d.  FINE  GAIN  0.5- 1.5:  1 .210 

e.  OUTPUT  DELAY:  fully  counterclockwise 

f.  GATE:  t  anticoincidence 

g.  STROBE:  t  internal 

6.  Mech-Tronics  Model  504  Dual  Linear  Gates 

a.  Verify  that  R12  has  been  changed  from  2.2 
kR  to  18  kR. 

b.  GATE  WIDTH:  fully  clockwise 

c.  GATE  MODE:  I  NOR 

B.  Simulated  Photomultiplier  Signal 

1.  IMPORTANT!  To  avoid  calibration  errors 
take  the  following  precautions  to  eliminate  er¬ 


rors  produced  by  signal  loading,  faulty  mea¬ 
surements,  and  lack  of  signal  symmetry. 

a.  Loading  the  system  input  signal  with  a  low 
impedance  oscilloscope  during  calibration 
and  disconnecting  the  oscilloscope  during 
system  operation  will  produce  a  large  cali¬ 
bration  error.  The  simulated  photomulti¬ 
plier  signal  should  be  routed  through  the 
TS1  photomultiplier  terminator  10098  (50 
Q  shunt  toward  the  signal  generator)  to  the 
1  MR  input  of  the  monitoring  oscilloscope 
and  then  continue  on  to  the  system  input 
amplifier. 

b.  Feedback  from  the  system  input  amplifier 
tends  to  make  the  input  signal  amplitude 
difficult  to  measure  with  certainty.  This 
problem  may  be  avoided  by  either  of  the 
following  procedures. 

PROCEDURE  A:  Remove  the  coaxial 
cable  from  the  amplifier  input  and  ter¬ 
minate  the  cable  with  a  50  R  shunt.  Set  the 
signal  amplitude  to  the  required  level,  as 
measured  on  the  oscilloscope,  then  remove 
the  50  fl  termination  and  reconnect  the 
cable  to  the  amplifier  input. 

PROCEDURE  B:  Connect  a  30  ft  (or 
longer)  coaxial  cable  between  the  oscil¬ 
loscope  and  the  amplifier  input.  This  pro¬ 
cedure  will  give  a  few  clean  measurable 
fringes  of  the  input  signal  before  the  inter¬ 
ference  is  fed  back  from  the  amplifier. 

c.  Take  care  that  both  the  negative-going  and 
positive-going  half  cycles  of  the  simulated 
signal  are  of  equal  width. 

d.  Unless  otherwise  directed,  maintain  the 
amplitude  of  the  signal  at  20  mV. 

2.  Initial  system  adjustments  will  be  made  with  a 
simulated  photomultiplier  signal  consisting  of 
16  negative-going  pulses  occurring  at  a  50 
MHz  rate.  Final  adjustments  will  be  made 
with  16  fringes  over  the  range  of  30  to  80 
MHz.  This  range  of  signals  with  exactly  16 
fringes  is  produced  by  varying  the  frequency 
and  pulse  width  (to  maintain  equal  negative- 
and  positive-going  portions)  controls  on  the 
HP8007B  pulse  generator  and  the  width  of  the 
gating  pulse  to  the  HP8007B.  Signals  are  pro¬ 
duced  by  following  steps  a  through  d. 
a.  On  the  E-H  Research  Laboratories,  Model 
139B,  set  the  controls  to  produce  a  posi¬ 
tive-going  pulse  of  approximately  4  V,  0.3 
ns  in  duration,  and  occurring  once  every 
0.5  ms.  Apply  this  pulse  to  the  gate  input 
of  the  HP8007B  and  to  the  external  trigger 
of  the  oscilloscope. 
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b.  Adjust  the  pulse-period  and  pulse- width 
controls  on  the  HP8007B  until  the  leading 
edge  of  the  negative-going  pulses  are  ex¬ 
actly  20  fiS  apart  and  both  the  negative-go¬ 
ing  and  the  positive-going  portions  are 
lOfts  wide  at  their  midpoints.  Adjust  the 
pulse  amplitude  until  the  pulses  are  -  20 
mV  with  respect  to  ground. 

c.  Adjust  the  pulse-width  control  on  the 
139B  until  there  are  exactly  1 6  negative-go¬ 
ing  pulses. 

d.  The  signal  now  appearing  at  the  system  in¬ 
put  is  the  50  MHz  simulated  photomulti¬ 
plier  signal  that  will  be  used  for  most  of 
the  calibration;  this  signal  should  be  moni¬ 
tored  with  the  oscilloscope. 

C.  LRS  161  Dual  Discriminator  (initial  adjustment) 

1.  Apply  the  16  fringe  signal  to  the  system  input 
amplifier  as  described  in  IU.B.l.a. 

2.  With  a  50 11  termination  at  the  input  of  the  os¬ 
cilloscope  amplifier,  examine  the  output  from 
one  of  the  upper  connectors  of  discriminator  1 
(upper  unit).  There  should  be  a  single  nega¬ 
tive-going  pulse  of  approximately  1 .25  V  am¬ 
plitude  and  400  ns  duration. 

3.  Repeat  step  2  for  the  output  of  discriminator  2 
(lower  unit).  There  should  be  exactly  16  nega¬ 
tive-going  pulses  of  approximately  1 .25  V  am¬ 
plitude  and  10  ns  duration.  Remove  the  50  12 
termination. 

D.  Peak  Sense  and  Hold 

1.  Observe  the  LOW  PASS  GATE  output.  Ad¬ 
just  WIDTH  G  for  a  positive-going  pulse  with 
0.6  ns  pulse  width.  Pulse  amplitude  should  be 
approximately  +5  V.  This  same  pulse  should 
appear  at  the  BANDPASS  GATE  output. 

2.  Observe  the  LOW  PASS  RESET  output.  Ad¬ 
just  WIDTH  R  for  a  20  ms  wide  pulse  of  about 
+  5  V.  This  pulse  should  also  appear  at 
BANDPASS  RESET  output  and  at  the  GATE 
and  RESET  outputs  of  the  TPHC  channel. 

3.  Observe  the  NEGATIVE  GATE  output.  It 
should  be  a  negative-going  5  V  pulse  (from 
1 5  to  0  V)  of  approximately  0.6  ms  duration. 

E.  TC-214  Single  Channel  Analyzer  (initial  ad¬ 
justment) 

I.  Observe  the  waveform  of  the  MAIN  AMP 
OUT  connector.There  should  be  a  sinusoidal 
positive-going  waveform  followed  by  a  nega¬ 


tive-going  excursion.  Adjust  the  COARSE 
and  FINE  GAIN  controls  until  the  positive¬ 
going  peak  is  exactly  9.0  V. 

2.  Attach  a  coaxial  tee  connector  at  the  El,  AE 
OUT  connector  so  that  the  waveform  can  be 
observed  without  interrupting  the  system  in¬ 
terconnections.  A  positive  6  V,  0.5  ps  pulse 
should  appear  about  2.5  ms  after  the  sweep 
start.  If  no  pulse  appears  adjust  the  El,  0  TO 
10  V  control  to  a  position  that  produces  a 
pulse. 

3.  While  observing  the  simulated  signal  input  to 
the  system,  decrease  the  width  setting  on  the 
139B  pulse  generator  until  there  are  only  15 
negative-going  pulses.  If  no  pulse  appears  at 
the  El,  AE  OUT  connector,  decrease  the  set¬ 
ting  of  the  El,  0  TO  10  V  control  until  a  pulse 
appears;  then  slowly  turn  the  control  clock¬ 
wise  until  the  pulse  just  disappears. 

4.  Increase  the  139B  width  control  to  produce  an 
input  signal  of  17  negative-going  pulses. 

5.  Increase  the  setting  of  the  AE,  0  TO  1  V  con¬ 
trol  until  a  pulse  appears  at  the  El,  AE  OUT 
connector;  then  slowly  decrease  the  setting  un¬ 
til  the  pulse  just  disappears. 

6.  Examine  the  El,  AE  OUT  resulting  from  in¬ 
put  signals  of  15,  16,  and  17  negative  pulses. 
There  should  be  an  output  pulse  only  for  the 
16-fringe  input. 

F.  TC-214  Single  Channel  Analyzer  (final  ad¬ 
justment) 

1.  Final  adjustment  of  the  single  channel 
analyzer  (SC A)  consists  of  setting  the  El,  0 
TO  10  V  and  AE,  0  TO  1  V  controls  so  that  an 
acceptance  window  is  created  for  all  16  fringe 
signals  in  the  30  to  80  MHz  range  and  that  sig¬ 
nals  with  more  or  less  than  16  fringes  are  re¬ 
jected.  Because  this  decision  is  made  on  the 
peak  amplitude  of  a  waveform  that  is  avail¬ 
able  at  the  MAIN  AMP  OUT  connector,  this 
signal  will  be  measured  as  the  input  signal  is 
varied  over  the  operating  range  of  the  system; 
the  peak  amplitude  measurements  will  then 
dictate  the  input  conditions  for  final  controls 
adjustments.  This  procedure  is  best  illustrated 
by  Table  C-l. 

The  chart  shows  that  the  greatest  amplitude 
occurs  for  a  15-fringe  signal  (8.8  V)  when  the 
fringe  frequency  is  60  MHz.  The  lowest  ampli¬ 
tude  for  a  17-fringe  signal  is  9.5  V  at  30  MHz. 
It  is  clear  that  a  window  whose  lower  limit  is 
slightly  greater  than  8.8  V  and  whose  upper 
limit  is  slightly  less  than  9.5  V  will  accept  all 
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Table  C-l 


Fringe 

Frequency 

(MHz) 

Peak  Voltage  at  TC-214  MAIN 
AMP  OUT 

15  fringes 

16  fringes 

17  fringes 

30 

8.5 

9.0 

F  9.5 

40 

8.7 

9.2 

9.7 

50 

8.5 

9.0 

9.5 

60 

8.8 

9.4 

9.8 

70 

8.6 

9.2 

9.6 

80 

8.8 

9.2 

9.8 

signals  having  16  fringes  and  reject  all  others. 
In  this  example,  the  lower  limit  signal  (15 
fringes,  60  MHz)  is  fed  into  the  system  and  the 
El,  0  TO  10  V  control  is  first  adjusted  for  a 
pulse  at  the  El,  AE  OUT  connector.  The  con¬ 
trol  is  then  increased  until  the  pulse  just  disap¬ 
pears.  The  upper  limit  signal  (17  fringes,  30 
MHz)  is  then  introduced  and  the  AE,  0  TO  1  V 
control  is  decreased  until  the  pulse  at  El,  AE 
OUT  just  disappears.  The  adjustments  are  re¬ 
peated  and  proper  operation  is  verified  by  in¬ 
troducing  15,  16,  and  17  fringes  at  the  fre¬ 
quencies  in  the  chart. 

2.  Prepare  a  chart  such  as  the  one  in  the  example 
by  introducing  a  simulated  photomultiplier 
signal  while  observing  all  of  the  precautions 
given  in  1I1.B.1.  The  frequency  of  the  fringes 
and  their  symmetry  are  controlled  by  the 
HP8007B  and  the  number  of  fringes  by  the 
width  of  the  gating  pulse  produced  by  the 
139B. 

a.  Carefully  measure  and  record  the  positive 
peak  amplitude  at  the  El,  AE  OUT  con¬ 
nector  for  each  signal  condition.  For  your 
convenience  the  time  per  cycle  for  each 
frequency  and  the  time  for  a  16-fringe  sig¬ 
nal  (start  of  first  fringe  to  start  of  16th 
fringe)  are  listed  in  Table  C-2  below. 

Table  C-2 


Frequence 

(MHz) 

Time  per 
cycle 
(ns) 

Time  for 
16-fringe 
signal 
(ns) 

30 

33.3 

500 

40 

25.0 

375 

50 

20.0 

300 

60 

16.7 

250 

70 

14.3 

214 

80 

12.5 

187 

If  your  chart  shows  a  voltage  overlap  be¬ 
tween  acceptable  and  unacceptable  sig¬ 
nals,  it  will  be  necessary  to  move  slightly 
the  setting  of  the  OUTPUT  WIDTH  VER¬ 
NIER  on  the  lower  unit  (discriminator  2) 
of  the  LRS  161  and  repeat  the  chart  mea¬ 
surements. 

3.  Select  the  upper  and  lower  window  limits  and 
make  the  final  control  adjustments  as  in  the 
example  of  I1I.F.1. 

G.  Ortec  Model  489  Delay  Amplifier 

1 .  Observe  the  output  of  the  amplifier  on  a  DC 
coupled  oscilloscope.  A  2  V  negative-going 
signal  will  appear  about  2.5  fis  after  the  sweep 
start. 

2.  Adjust  the  DC  ADJ  until  the  baseline  is  at 
0  V. 

H.  Ortec  Model  457  Time  to  Pulse  Height  Converter 
(TPHC) 

1 .  Apply  a  20  mV  signal  of  16  fringes  at  80  MHz 
to  the  system  input  amplifier. 

2  Observe  the  POS  OUTPUT  with  a  DC  cou¬ 
pled  oscilloscope.  The  positive-going  pulse 
that  occurs  approximately  4  /xs  after  the  input 
signal  should  be  adjusted  for  a  peak  ampli¬ 
tude  of  9.0  V  with  the  COARSE  GAIN  and 
FINE  GAIN  controls. 

3.  Adjust  the  DC  ADJ  until  the  baseline  is  at  0  V. 

4.  Adjust  the  signal  input  for  a  20  mV  signal  of 
16  fringes  at  a  fringe  frequency  of  30  MHz. 

5.  Adjust  the  BIAS  LEVEL  control  for  a  peak 
positive  signal  of  1 .0  V. 

6.  Repeat  steps  1  through  5  until  the  output  con¬ 
ditions  are  met  without  further  adjustment  of 
the  TPHC  controls. 

I.  Mech-Tronics  504  Linear  Gate  (low  pass  channel) 

1.  Apply  to  the  system  input  a  16-fringe,  50 
MHz,  20  mV  signal. 

2.  With  a  DC  coupled  oscilloscope  view  the 
waveform  at  the  SIG.  OUT  connector.  It 
should  be  a  rectangular  pulse  18  to  20  jus  in 
width  and  approximately  100  mV  in  ampli¬ 
tude. 

3.  Vary  the  input  signal  amplitude  between  the 
values  of  20  and  40  mV.  The  pulse  amplitude 
should  rise  and  fall  in  step  with  the  input 
variations. 

4.  Change  the  input  signal  to  15  fringes,  then  17 
fringes;  there  should  be  no  signal  output  in 
either  condition. 
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J.  Mech-Tronics  504  Linear  Gate  (bandpass 

channel) 

1.  Repeat  steps  1.1-4. 

K.  Mech-Tronics  504  Linear  Gate  (TPHC  channel) 

1.  Apply  to  the  system  input  a  16-fringe,  50 
MHz,  20  mV  signal. 

2.  With  a  DC  coupled  oscilloscope,  view  the 
waveform  at  the  SIG.  OUT  connector.  It 
should  be  a  rectangular  pulse  18  to  20  ns  wide 
and  approximately  6  V  in  amplitude. 

3.  Change  the  input  signal  to  15  fringes,  then  17 
fringes;  there  should  be  no  signal  output  in 
either  condition. 


IV.  Complete  System  Calibration 

The  complete  system  calibration  is  accomplished 
by  applying  known  signals  to  the  system  input  ampli¬ 
fier,  recording  the  processed  signals  on  the  Honey¬ 
well  5600  tape  recorder,  sending  the  reproduced  sig¬ 
nals  to  the  Honeywell  1858  Visicorder,  and  relating 
the  printed  Visicorder  output  to  the  system  input 
signal. 

A.  Preliminary  Instructions  and  Precautions. 

1 .  Ensure  that  the  filter  circuit  (1  kQ,  2000  pF)  is 
properly  connected  between  the  linear  gate 
outputs  and  the  HP5600  recorder  inputs. 

2.  Ensure  that  jumper  J1  in  the  record  amplifier 
of  each  record  is  in  the  correct  position  for  the 
anticipated  signal.  See  paragraph  II. A. 5.  Sig¬ 
nals  that  exceed  the  specified  maximum  (2  or 
10.6  VDC)  will  produce  an  erratic  output 
from  the  recorder  making  the  Visicorder 
traces  unintelligible. 

3.  It  is  especially  important  that  the  simulated 
photomultiplier  signal  precautions  of  Section 
1 1 1.  B  be  strictly  observed. 

4.  During  the  remainder  of  the  calibration,  the 
gating  signal  is  removed  from  all  three  of  the 
Model  504  Linear  Gates,  and  their  GATE 
MODE  switches  are  placed  in  the  BLOCK  po¬ 
sition.  Upon  completion  of  the  calibration, 
the  gating  signal  is  restored  and  the  GATE 
MODE  switches  returned  to  NOR. 

5.  Warm  up  all  equipment  at  least  5  minutes  be¬ 
fore  proceeding. 

B.  Low  Pass  and  Bandpass  Channels  (tape  record) 

I.  On  the  tape  recorder,  set  the  SPEED  switch 


and  “B”  jumper  pin  in  the  60  ips  position. 

2.  Monitor  the  inputs  of  both  data  channels  to 
the  recorder. 

3.  Apply  a  16-fringe  50  MHz  signal  to  the  system 
input  amplifier  and  lower  the  signal  amplitude 
until  there  is  no  change  in  the  signal  level  to 
the  recorder.  This  will  occur  when  the  input 
signal  is  at  approximately  15  mV  peak  and  this 
level  becomes  the  lower  limit  of  the  calibra¬ 
tion  range.  The  upper  limit  is  the  level  that 
produces  a  saturation  in  the  system  input  am¬ 
plifier;  this  level  occurs  slightly  beyond  700 
mV.  Select  signal  levels  at  and  between  these 
extremes  to  provide  a  reasonable  number  of 
calibration  points.  Suggested  values  are  15 
mV  (or  lower  limit  signal),  20,  30,  40,  50,  100, 
150,  20Q,  250,  300,  400,  500,  600,  and  700 
mV. 

4.  For  each  value  selected  proceed  as  follows: 

a.  Depress  the  D  (drive)  button  to  start  the 
tape  motion,  and  when  the  PL  light  near 
the  POWER  switch  comes  on,  depress 
both  the  D  and  the  REC  buttons  and  note 
the  reading  on  the  tape  footage  indicator. 

b.  When  the  tape  footage  indicator  has  in¬ 
creased  by  approximately  30  ft,  note  the 
indicator  reading  and  depress  the  STOP 
button. 


C.  Low  Pass  and  Bandpass  Channels  (tape  playback 

and  Visicorder  chart  record) 

1.  Position  the  traces  of  the  Visicorder  and  ad¬ 
just  their  sensitivities  so  that  they  are  not  apt 
to  interfere  with  each  other.  Unused  traces 
can  be  eliminated  by  placing  the  1883  ampli¬ 
fier  sensitivity  switch  in  the  OFF  position. 

2.  Set  the  Visicorder  chart  speed  at  4  ips. 

3.  On  the  tape  recorder,  set  the  SPEED  switch 
and  the  “A”  jumper  pin  to  15  ips.  Position 
the  tape  so  that  the  footage  indicator  reads  a 
value  lower  than  the  beginning  point  for  the 
calibration  recording  that  is  about  to  be  fed  to 
the  Visicorder. 

4.  Depress  the  D  button  on  the  tape  recorder  and 
watch  the  footage  indicator.  When  it  ap¬ 
proaches  the  midpoint  of  the  recording  range 
for  that  calibration  point,  depress  and  lock 
the  DRIVE  button  on  the  Visicorder. 

5.  After  2  seconds  of  Visicorder  operation,  de¬ 
press  the  DRIVE  button  to  unlock  it  and  press 
the  STOP  button  on  the  tape  recorder. 

6.  Repeat  this  procedure  for  each  calibration 
point. 
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D.  TPHC  Channel  (tape  record) 

1.  On  the  tape  recorder  set  the  SPEED  switch 
and  “B”  jumper  pin  to60ips. 

2.  Monitor  the  input  to  the  recorder  from  the 
TPHC  data  channel. 

3.  Apply  a  16-fringe,  30  MHz,  20  mV  signal  to 
the  System  input.  A  signal  of  approximately  1 
V  should  be  present  at  the  recorder  input. 

4.  Record  the  signal  as  in  IV. B.4. 

5.  Repeat  this  procedure  with  16-fringe  signals 
of  40,  50.  60,  70,  and  80  MHz. 


E.  TPHC  Channel  (tape  playback  and  Visicorder 
chart  record) 

1.  Follow  the  procedure  of  1V.C.  to  produce  a 
Visicorder  chart  record  for  the  TPHC  fre¬ 
quency  related  outputs. 

The  calibration  is  complete  when  the  output  ampli¬ 
tude  of  the  Visicorder  is  plotted  against  the  signal 
amplitude  or  frequency  producing  that  output.  Re¬ 
storing  the  gate  input  to  the  Model  504  Linear  Gates, 
placing  their  GATE  MODE  switches  to  the  NOR  po¬ 
sition,  and  reconnecting  the  photomultiplier  through 
its  termination  (TSI  10098)  to  the  system  input  ampli¬ 
fier  restores  the  system  to  its  normal  operating  con¬ 
figuration. 
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